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Uptake and intracellular distribution of ferritin in the rat distal
convoluted tubule. The purpose of this study was to determine the
uptake and intracellular distribution of anionic ferritin (AF) and cationic
ferritin (CF) in the distal convoluted tubule (DCT) of the rat kidney.
Male Sprague-Dawley rats were prepared for micropuncture, and
individual distal tubules were perfused with 5 or 10 mg/mI of AF or 0.1
or 0.5 mg/mI of CF in isotonic saline for either 30 sec or 3 mm. The
tubules were fixed by perfusion with 6.25% glutaraldehyde either
immediately or at different time intervals after exposure to ferritin.
Electron microscopy of tubules fixed immediately after perfusion
showed no binding of AF to the apical cell membrane, and only traces
of AF were observed in small apical structures. In contrast, CF was
extensively bound to the apical cell membrane and located in apical
vesicles and tubules, and in multivesicular bodies. Occasionally, CF
was observed in Golgi vesicles and cisternae. Sixty mm after perfusion
with ferritin, traces of AF were present in multivesicular bodies and
lysosome-like structures. Thirty and 60 mm after perfusion, large
concentrations of CF were located in multivesicular bodies and lyso-
some-like bodies. This study reveals that in the DCT, CF is bound to
the apical cell membrane and taken up into the tubule cells, whereas
only traces of AF are taken up, indicating that the charge of a protein
molecule may determine whether or not the protein is reabsorbed by the
DCT. The demonstration of CF in the Golgi complex is compatible with
the existence of membrane recycling in cells of the DCT.
Captation et distribution intracellulaire de Ia ferritine dans le tube
contourné distal du rat. Notre étude a etC fit de determiner Ia captation
et Ia distribution intracellulaire de Ia ferritine anionique (AF) et de La
ferritine cationique (CF) dans le tube contourné distal (DCT) du rein de
rat. Des rats males Sprague-Dawley ant été prcparcs pour des experi-
ences de microponction et des tubes distaux individuels ont etc perfuses
avec 5 ou 10mg/mi de I'AF ou 0,1 ou 0,5 mg/mI de Ia CF dans du solute
sale isotonique pendant 30 sec ou 3 mn. Les tubules ont etc fixes par
perfusion au moyen de glutaraldehyde a 6,25% soit immédiatement, soit
a divers intervalles de temps aprés l'exposition a Ia ferritine. La
microscopic clectronique des tubules fixes immédiatement après perfu-
sion n'a pas montrC de liaison de AF a Ia membrane ceilulaire apicale et
seules quelques traces de AF ont etC détectées dans les petites
structures apicales. Au contraire, CF est lice de facon importante a Ia
membrane cellulaire apicale et localisée dans les vCsicules et les tubules
apicaux et dans les corps multivésiculaires. Dc facon in constante CF a
ete observCe dans les vésicules et les citernes de Golgi. Soixante
minutes après Ia perfusion de ferritine des traces dAF etament encore
détectées dans les corps multivCsiculaires et les structures semblables
aux lysosomes. Trente et 60 mm après Ia perfusion, des concentrations
importantes de CF ont etc détectées dans les corps multivésiculaires et
dans les corps semblables a des lysosomes. Notre etude rCvéle que dans
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Ic DCT CF est Iiée a Ia membrane cellulaire apicale et captée a
l'intérieur des cellules, alors que seules des traces d'AF sont captees,
cc qui indique que Ia charge d'une molecule protéique peut étre un
facteur qui dCtermine sa reabsorption par Ic DCT. La description de CF
dans l'appareil de Golgi est compatible avec l'existence d'un recyclage
membranaire dans les cellules du DCT.
The kidneys play an important role in the disposal of plasma
proteins with a low molecular weight [1]. It is well documented
that the principal site of protein uptake in the nephron is the
proximal convoluted tubule [2—4]. To a large extent proteins
present within the tubular fluid enter proximal tubule cells by
endocytosis and are transferred to the lysosomes where they
are digested by proteolytic enzymes [5—10]. Thus, under normal
conditions most of the protein that is filtered by the glomerulus
is reabsorbed and catabolized in the proximal tubule, leaving
very little protein to reach the distal tubule and the final urine.
As a result, it is generally believed that the distal tubule does
not play a significant role in the renal handling of protein [3, 4].
However, in proteinuric conditions such as the nephrotic
syndrome and multiple myeloma, the distal tubule is often
exposed to large amounts of protein. Yet, little is known about
the handling of these proteins when they are presented to the
more distal segments of the nephron. In a microperfusion study
by Cortney, Sawin, and Weiss [11], in which various proteins of
low molecular weight were infused at different points along the
proximal tubule, it was found that the disappearance of protein
from the tubular fluid varied with the site of infusion. Very little
albumin was absorbed beyond the proximal convoluted tubule.
However, a larger amount of insulin was absorbed when the
protein was infused directly into the distal convoluted tubule.
Bourdeau, Carone, and Ganote [12] described the uptake of
albumin in both the proximal convoluted and the proximal
straight tubule, but no measurable amount of the protein was
absorbed in the cortical collecting duct. On the other hand,
Straus [5] observed that in addition to uptake in the proximal
tubule, horseradish peroxidase was also reabsorbed in both the
distal tubule and the collecting duct. Furthermore, endogenous
protein of low molecular weight has been reported to disappear
from the tubular fluid beyond the proximal convoluted tubule
[13]. Thus, there is evidence that proteins may be handled
differently by the distal tubule depending on their individual
physical characteristics.
The present study was designed to determine whether or not
protein is absorbed by the distal convoluted tubule (DCT) of the
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rat kidney and to establish the effect of the charge of the protein
molecule on its uptake and intracellular distribution. Ferritin
with a molecular weight of 480,000 daltons was used as the
tracer protein because it is directly visible in the electron
microscope and is available in both a cationized and a native
anionic form.
Materials
Ferritin. Native anionic ferritin (AF) with p1 of 4.1 to 4.6 and
cationized ferritin (CF) with a p1 of 8.0 to 8.3 were purchased
from Miles Laboratories, Inc., Elkhart, Indiana. The ferritin
was diluted in isotonic saline with a pH of 6.8.
Preparation of animals for micropuncture. Twenty male
Sprague-Dawley rats (Charles River Breeding Laboratories,
Wilmington, Massachusetts) weighing 225 to 300 g were stud-
ied. The animals previously had free access to standard rat
chow and water. The rats were anesthetized with mactin, 100
mg/kg i.p., and were placed on a thermoregulated table. A
tracheostomy was performed. Polyethylene PE-50 catheters
were placed in a carotid artery for blood pressure measurement
and in a jugular vein to permit i.v. infusions. The left kidney
was exposed for micropuncture via a midline abdominal inci-
sion with a left subcostal extension, mounted in a plastic cup
(Lucite®), and bathed continuously with mineral oil at 37° C. A
PE-90 catheter was placed in the urinary bladder to ensure free
urine drainage Throughout the study the animals received a
continuous infusion of 0.9% saline at a rate of 0.02 mI/mm to
replace urinary losses. Mean arterial blood pressure was moni-
tored continuously and ranged between 100 and lOS mm Hg.
Micropuncture of distal tubule. Four tubules in the left
kidney of each rat were perfused with ferritin and fixed by
intraluminal perfusion with glutaraldehyde. The distance be-
tween perfused tubules was sufficient to avoid diffusion of
glutaraldehyde between the individual tubules. To identify
surface loops of DCT, proximal convoluted tubules were punc-
tured using a micropipette with an outer tip diameter of 2 to 3
p.m. A small bolus of saline containing 1% FD and C green dye
(Keystone, Aniline and Chemical Co., Chicago, Illinois) was
injected into the proximal tubule, and disappearance of the
green dye was noted. Distal tubular loops were identified as
those in which green dye subsequently reappeared. The distal
tubules were then punctured with a micropipette possessing an
outer tip diameter of 5 to 8 p.m and perfused for 3 mm with
either 5 or 10 mg/mI of AF or 0.1 or 0.5 mg/mI of CF in isotonic
saline. At different time intervals (5, 10, 30, or 60 mm) after the
beginning of the ferritin perfusion, each distal tubule was fixed
by perfusion through another micropipette for 10 mm with
6.25% glutaraldehyde in 0.1 M sodium cacodylate buffer with a
pH of 7.4. To aid in the subsequent identification of the
perfused DCT, latex was injected into an adjacent proximal
tubule. In separate micropuncture experiments, distal tubules
were perfused with 0.5 mg/mI of CF for 30 sec only. The pipets
were changed, and the tubules were fixed immediately by
microperfusion with 6.25% glutaraldehyde for 10 mm to study
the early stages of ferritin binding to the apical cell membrane.
In addition, distal tubules were perfused with 0.5 mg/mI of CF
for 3 mm after fixation for 10 mm with 6.25% glutaraldehyde.
Preparation of tissue for electron microscopy. Tissue pieces
containing the fixed DCT were excised from the kidney,
postfixed in 6.25% glutaraldehyde for 4 hours, and trimmed to
form a pyramid with the pyramid base corresponding to the
kidney surface. After being rinsed in a 0.1 M sodium cacodylate
buffer containing sodium chloride and sucrose, the tissue was
postfixed in 2% osmium tetroxide in s-collidine buffer, dehy-
drated in alcohol, and embedded in Epon 812. One p.m sections
were cut from the base of the tissue pyramid and the perfused
DCT was identified by light microscopy. Thin sections were cut
on a Sorvall Porter-Blum MT 2-B or a Sorvall MT 5000
ultramicrotome and stained with lead citrate. The sections were
examined and photographed on a Zeiss 1OA electron micro-
scope at magnifications ranging from x20,000 to 50,000. Three
to five tubules perfused with either AF or CF were studied at
each time interval.
Results
Perfusion with anionic ferritin (AF). Therewas no binding of
AF to the apical cell membrane; only traces of AF were taken
up by the cells of the DCT. After 3 mm of perfusion with AF
followed by fixation that was initiated 5 mm after the beginning
of the tracer perfusion, traces offerritin were observed in apical
structures in a few tubule cells (Fig. 1). At 30 and 60 mm after
the tracer perfusion, a few ferritin particles were occasionally
seen in multivesicular bodies and in lysosome-like structures
(Fig. 2).
Perfusion with cationicferritin (CF). There was considerable
binding and subsequent uptake of CF in the DCT. After
perfusion with CF for 30 sec followed by immediate fixation,
there was extensive binding offerritin to most of the apical cell
membrane (Fig. 3), although the pattern of distribution seemed
to be patchy. In these short-term experiments ferritin was also
observed in small apical vesicles and tubules and occasionally
in multivesicular bodies. Since the change of pipets for fixation
following completion of the ferritin perfusion required approxi-
mately 60 sec, the uptake of CF into the apical vesicles
occurred within 90 sec.
After 3 mm of perfusion with CF followed by a fixation 5mm
after the start of the tracer perfusion, ferritin was still extensive-
ly bound to the apical cell membrane, but the binding pattern
was more uneven (Fig. 4). In addition, there was significant
uptake of CF into the cells of the DCT where it was located
mainly in small apical vesicles and dense tubules and in
multivesicular bodies (Fig. 5). Occasionally CF was observed in
vesicles and cisternae of the Golgi complex (Fig. 6).
After 3 mm of perfusion with CF followed by fixation 10 mm
after the start of the tracer perfusion, ferritin was still located
primarily in apical vesicles and tubules and in multivesicular
bodies (Fig. 7). In addition, CF was present in vesicles close to
the Golgi complex and occasionally in Golgi vacuoles and
cisternae. Binding of CF to parts of the apical cell membrane
was still present when fixation was delayed until 10 mm after
the start of the tracer perfusion (Fig, 7).
At both 30 and 60 mm after perfusion with CF. the tracer was
located primarily in multivesicular bodies and lysosome-like
structures (Fig. 8). There was little binding of CF to the apical
cell membrane, but clumps of ferritin were observed in the
lumen adjacent to the plasma membrane. In some cells CF was
still present in apical vesicles.
Perfusion with cationicferritin (CF) after fixation. When the
DCT was fixed before perfusion with CF, the tracer was bound
-.
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Fig. 1. Electron micrograph of a DCT celifixed immediately after a 3-mm microperfusion with 5 mg/mi of AF. Trace amounts of AF are present in
apical structures (A), but there is no binding to the apical cell membrane (CM). La denotes latex particles in the tubule lumen (x52,000).
Fig. 2. Electron micrograph of a DCT cd/fixed 60 mm after a 3-mm microperfusion with 5 rug/mi of AF. Trace amounts of AF are present in multi-
vesicular bodies (MB) and in lysosome-like structures (L) (X52,000).
Fig. 3. Electron inicrograph of a DCT cell fixed immediately after a 30-sec micropeifusion with 0.5 mg/mI of CF. CF is bound to the apical cell
membrane (CM) and in endocytic invaginations (E). At the site of binding an increase in the density of the inner leaflet of the membrane is observed
(arrowheads) (x66.000).
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Fig. 4. Electron micrograph of a DCT cell fixed immediately after a 3-mm microperfusion with 0.1 mg/mI of CF. CF is bound to the apical cell
membrane (CM) and located in small apical vesicles (V) and tubules (T) and in multivesicular bodies (MB). CV denotes a coated vesicle; G, Golgi
apparatus (x62,000).
Fig. 5. Electron micrograph ofa multivesicularbody (MB)from a DCT
cell fixed im,nediately after a 3-mm ,nicroperfusion wit/i 0.1 mg/mI of
CF. CF is located primarily outside the vesicles in the matrix of the
multivesicular body (X87000).
Fig. 6. Electron micrograph of a Golgi apparatus from a DCT cell
fixed immediately after a 3-mm n,icroperfusion with 0.1 mg/mI of CF.
CF is located in a Golgi cisterna (G). CM designates the apical cell
membrane; T, apical tubule (x83.000).
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Fig. 7. Electron micrograph of a DCT cell fixed JO-mm after a 3-mm microperfusion with 0.5 mg/mI of CF. CF is bound to the apical cell
membrane (CM) and is located in apical vesicles (V) and tubules (T) and in multivesicular bodies (MB) (x66,000).
in a uniform pattern along the apical cell membrane (Fig. 9).
The pattern of binding was more regular than that observed in
tubules perfused before fixation (Fig. 3).
CF-binding to the apical plasma membrane. CF appeared to
bind along the entire apical cell membrane, with a tendency for
clustering at the base of an occasional microvillus and in
invaginations of the plasma membrane (Figs. 3 and 4). The
binding became more patchy in character when the time inter-
val between the ferritin perfusion and the fixation was in-
creased. CF was not bound to any specific regions of the cell
membrane, and bristle-coated pits, which are believed to be
important in the binding and endocytic uptake of proteins and
other macromolecules [14—16j, were rarely observed in the
DCT. The binding of CF to the apical membrane, however,
appeared to increase the density of the inner leaflet of the
double membrane (Figs. 3 and 10).
CF in apical tubules and vesicles. Most apical vesicles
containing ferritin had retained their inside cell coating but were
devoid of an outside cytoplasmic coating (Figs. 4 and 7).
Although the ferritin appeared to be bound to the membrane of
the vesicle it often completely filled the vesicle. Ferritin was
rarely seen in vesicles with a cytoplasmic coat (Fig. 4). In the
apical tubules the ferritin was located in the dense content of
the tubular structures.
CF in multivesicular bodies. CF was located outside the
vesicles in the matrix of the multivesicular bodies (Fig. 5). Only
rarely were ferritin molecules observed inside the vesicles.
Occasionally, fusion between ferritin-containing vesicles in the
cytoplasm and multivesicular bodies was observed, and multi-
vesicular bodies were often located close to the Golgi complex.
CF in Golgi complex. CFwas frequently observed in smooth-
surfaced vesicles close to the Golgi apparatus from 5 to 30 mm
after the tracer perfusion. in addition. ferritin molecules were
occasionally located within the Golgi vacuoles and cisternae,
where they appeared to be detached from the membrane (Fig.
6).
Discussion
Our results reveal that CF. a positively charged protein,
enters the cells of the DCT by endocytosis and is transferred to
the smooth-surfaced vesicles, multivesicular bodies, Golgi vesi-
des, and lysosome-like structures. In contrast, the negatively
charged native AF very rarely enters the cells of the DCT and
then only in trace amounts. These findings suggest that in the
DCT the charge of a protein molecule plays an important role in
its absorption. In a recent study [17] of the uptake of ferritin in
the proximal tubule, CF was also observed in the DCT.
However, in contrast to our investigation, that study [17] was
not designed to provide a detailed analysis of ferritin uptake in
this segment of the nephron.
In an early light microscopic study Straus [5] observed that
horseradish peroxidase, when injected iv. into rats, was reab-
sorbed by both the DCT and the collecting duct in addition to
the proximal tubule. Horseradish peroxidase has been used as a
volume marker to determine fluid phase pinocytosis because it
is not bound to the cell membrane at physiological pH 118]. It is
,• •
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Fig. 8. Electron micrograph of a DCT cellfixed 60 mm after a 3-mm microperfusion with 0.1 mg/mI of CF. CF is located in a multivesicular body
(MB). G designates Golgi apparatus. Magnification (x52,000).
quite possible, however, that at the lower pH characteristic of
distal tubular fluid, the molecule might be positively charged,
which could explain the uptake observed by Straus 151.
Physiological studies have provided evidence that various
endogenous low molecular weight proteins [131 disappear from
the tubular fluid beyond the proximal tubule, whereas very little
albumin is removed in the more distal segments of the nephron
[11, 12]. These seemingly discrepant results might be explained
by differences in the charge of the protein molecules; it is
known that some of the low molecular weight plasma proteins
have isoelectric points greater than the normal pH of tubular
fluid, and thus, are positively charged, whereas albumin with an
isoelectric point of 4.9 will be negatively charged. Thus, our
results when taken together with physiologic data published
previously suggest that the charge of a protein molecule may
play a major role in determining whether or not the protein is
absorbed by the distal tubule.
The demonstration of extensive binding of CF to the apical
cell membrane followed by uptake of the tracer into apical
vesicles and tubules suggests that CF is taken up into the cells
of the DCT by adsorptive pinocytosis. Through this process
proteins and other macromolecules are bound to surface recep-
tors or binding sites on the plasma membrane and subsequently
are internalized into endocytic vesicles. This process differs
from fluid phase pinocytosis in which molecules enter the cell in
endocytic vesicles without previous binding to the cell mem-
brane [18]. The demonstration that AF, which did not bind to
the cell surface, was rarely taken up by the DCT suggests that
fluid phase pinocytosis does not play a significant role in protein
reabsorption in this segment of the nephron.
On the basis of electron microscopic studies in other cell
systems, it has been suggested that surface receptors for
adsorptive pinocytosis are located in specialized regions of the
cell membrane referred to as coated pits [16, 18, 19]. The coated
pits are invaginations of the cell membrane that possess a
bristle-like coat on the cytoplasmic surface and pinch off to
form coated vesicles. In the present study coated pits were
rarely observed and the apical vesicles containing ferritin were
mostly of the smooth-surfaced type suggesting that a system of
coated pits and coated vesicles was not involved in the uptake
of protein in the DCT. We did observe, however, that the
binding of CF to the apical plasma membrane appeared to be
accompanied by an increase in the density of the inner leaflet of
the double membrane. At present it is not known whether these
dense regions have a specialized function in the uptake of
protein or simply represent nonspecific changes of a secondary
nature caused by the binding of CF to the plasma membrane.
The significance of the observation that endocytosis does
occur in the DCT is unknown. It is possible that adsorptive
pinocytosis is a normal function of this part of the nephron and
that uptake of a molecule such as CF is mediated by its binding
to the apical cell membrane. This explanation is supported by
the demonstration of CF in lysosome-like structures which are
known to be the normal intracellular destination for absorbed
proteins in endocytic cells [2, 16, 18]. However, the presence of
CF in the Golgi region and in multivesicular bodies may
represent a recycling of membrane from pinocytic vesicles and
apical tubules via multivesicular bodies and the Golgi complex,
back to the apical plasma membrane. This process is believed to
occur in endocytic cells to shuttle membrane internalized
during endocytosis back to the cell surface [20, 21].
On the other hand, it is also possible that CF is internalized as
a result of nonspecific binding of the ferritin molecules to the
plasma membrane that is being retrieved from the cell surface to
compensate for some unknown secretory process in the DCT.
In this case the presence of CF in vesicles close to the Golgi
complex and occasionally also in the Golgi cisternae may be
related to the membrane being recycled from the cell surface
back to the Golgi apparatus and on to the secretory pathway.
Membrane recycling has been studied extensively in secretory
cells in which the membrane of the secretory granules is
continuously added to the plasma membrane by fusion during
the secretory process. There is evidence that membrane is
being retrieved from the cell surface by endocytosis and reused
in the packaging of secretory products [22—27].
Our finding of ferritin in the matrix of multivesicular bodies is
in agreement with the observations of other investigators using
ultrastructural tracers such as CF [24, 25], AF [24, 28], and
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Fig. 9. Electron ,nicrograph of a DCT ce/i fixed before a 3-nOn
inicroperfusion with 0.5 mg/mI of CF. CF is bound to the apical cell
membrane (CM) in an even pattern (x66.000).
horseradish peroxidase [15, 22, 291. It has been suggested that
the vesicles inside a multivesicular body arise by invagination
and subsequent fission of the limiting membrane of the organ-
dIe [15, 28—311, a hypothesis supported by the localization of
ferritin in the matrix, rather than inside the vesicles. The
presence of small ferritin containing vesicles and tubules in the
vicinity of many multivesicular bodies suggests that CF gains
access to the organelle by fusion of these structures with the
limiting membrane of the multivesicular body.
The exact cellular function of the multivesicular body is not
fully understood, although demonstration of acid phosphatase
activity in some cell systems [15. 321 has provided evidence that
this organelle belongs to the lysosomal system and, thus, may
play a role in the digestion of ingested material. From our
results it is not possible to establish whether the multivesicular
bodies in the DCT are lysosomes because acid phosphatase
histocheniistry was not performed. It is known, though, that the
lysosomal system is much less prominent in the DCT than in the
proximal tubule [33].
There is indirect evidence that multivesicular bodies may
have a function that differs from that of the dense lysosomes. In
the proximal convoluted tubule reabsorbed proteins are trans-
ferred to lysosomes with a dense matrix where they undergo
digestion [6—81, and the multivesicular bodies do not appear to
play a significant role in that digestion process [61. Often they
do not even exhibit acid phosphatase activity [6, 34, 35].
Furthermore, it has been suggested that they might be involved
in cell membrane regulation rather than catabolism of absorbed
protein [28]. In the present study the demonstration that
significant amounts of CF were located in multivesicular bodies
within 4 to 5 mm after the start of the ferritin perfusion suggests
the possibility that a considerable amount of membrane materi-
at is being transferred to the multivesicular bodies to serve as a
membrane reservoir or to be digested.
There was no significant absorption of AF in the DCT. This is
in contrast to observations in the proximal convoluted tubule
where considerable amounts of AF are absorbed and trans-
Fig. 10. Electron micrograph of the apical cell membrane of a DCT cell
fixed immediately after a 3-mm micropeifusion with 0.1 mg/mI of CF.
The binding of CF to the apical cell membrane (CM) is accompanied by
an increase in density of the inner leaflet of the membrane (arrowheads)
(x76,000).
ferred to the lysosomal system [35—37]. Recent observations by
Christensen, Carone, and Rennke [17] as well as our own
observations [38] reveal that in the proximal convoluted tubule
there is a much greater uptake of CF than AF, probably because
of extensive binding of the former to the apical cell membrane.
In summary, CF binds to the apical cell membrane of the
DCT and is taken up by the tubular cells, whereas only traces of
AF are absorbed. These findings suggest that the charge of a
protein molecule may determine whether or not it is reabsorbed
by the DCT. The intracellular distribution of CF in the DCT is
compatible with the existence of membrane recycling.
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